High-quality joints between titanium alloys and stainless steels have found applications for nuclear, petrochemical, cryogenic, and aerospace industries due to their relatively low cost, lightweight, high corrosion resistance, and appreciable mechanical properties.
Introduction
Recently, by virtue of relatively low cost, lightweight, high corrosion resistance, and appreciable mechanical properties, high-quality joints between titanium alloy and stainless steel have found applications for nuclear fuel field, petrochemical, cryogenic protector, and aerospace industries [1] [2] [3] [4] [5] [6] [7] . Titanium alloys possess low densities, high strengths, and strong heat resistance, enabling them for a wide range of applications in petrochemical, aviation, and space industries [5] . For instance, when aircrafts work at super-high speeds, their engine and surface temperatures are quite high where titanium alloy is more suitable than an aluminum alloy or other lightweight metal alloys because titanium alloy maintains very good strength and stability in relatively hightemperature atmosphere. ey can be bonded with many kinds of steels to achieve multi-functional applications [4, 5] . 316L (Fe-18Cr-11Ni) stainless steel is widely used for its relatively low cost and low corrosion rate which is attributed to inner chromium oxide region and outer mixed ironnickel oxide region [8] . However, achieving a strong bonding of titanium/steel bimetallic structures is restricted by two aspects. Firstly, the significant difference on physical properties, such as thermal expansion coefficient, density, and thermal conductivity, can lead to large residual stress and microstructural inhomogeneity at the interfacial region of the titanium alloy and stainless steel [9] [10] [11] . Secondly, metallurgical incompatibilities of them are prone to form brittle intermetallic compounds at a welding pool. For example, according to the TiFe binary phase diagram, the solid solubility of Fe in Ti is less than 0.1 at.%, and thus TiFe and TiFe 2 phases are formed at the bonded joints where cracks are liable to emerge and propagate spontaneously [6, [11] [12] [13] [14] [15] .
In order to solve these problems, many welding methods have been practiced to investigate the joining between titanium alloys and stainless steels, mainly including brazing welding [7, [16] [17] [18] [19] [20] , laser welding [2, 5, 6, [21] [22] [23] [24] [25] , electronbeam welding [26] [27] [28] [29] [30] [31] , diffusion bonding [32] [33] [34] [35] [36] , explosive welding [37] [38] [39] [40] , and friction stir welding [41] [42] [43] [44] [45] [46] [47] . Cu-based and Ag-based fillers were usually used to braze titanium/steel joints, while scattered brittle intermetallics, such as (Fe,Cu)Ti, Cu 4 Ti 3 , and CuTi [20, 48] and Cu 4 Ti and CuTi 2 [7] , were induced to the interfaces which were detrimental to the mechanical properties of the joints, and maximum possible tensile strength of the joints was found to be no more than 200 MPa [16] [17] [18] [19] [20] 48] . Without the interlayer, sound joints are hard to be obtained by direct laser welding or electronbeam welding because of continuously distributed brittle TiFe intermetallics and high residual stress at the welding pool [21, 25, [49] [50] [51] [52] . Continuous wave laser was used to weld titanium and stainless steel, while Fe 0.2 Ni 4.8 Ti 5 , Cr 2 Ti, and NiTi phases were formed which resulted in extensive cracking at the interface [13] . By adjusting the beam offset toward the titanium alloy side, tensile strength of the joint can be improved, but FeAl, FeTi, Fe 2 Ti, and Ti 5 Fe 17 Cr 5 phases still exist at the interface [25] . As welded by laser welding, when joining titanium alloy and stainless steel by electron-beam welding without an interlayer, TiFe phases led to great brittleness and the joint cracked spontaneously under thermal stress [52] .
Comparatively, solid-state joining process is more appropriate for welding of dissimilar materials with striking various physical and metallurgical properties. Diffusion bonding, explosive welding, and friction stir welding have been successfully used to join dissimilar structures, such as Ti/Fe [53] , Al/Fe [54] , Cu/Ti [55] , Cu/Fe [56] , and Al/Mg [57] , focusing on mechanical properties and the influence of parameters on the morphology and microstructural changes at the interfaces. Liu et al. [57] successfully bonded Mg/Al by vacuum diffusion bonding. Al-based solid solution, Al 3 Mg 2 , Al 12 Mg 17 , and Mg-based solid solution constitute the joint. Kundu and Chatterjee [58] applied Al as an interlayer to complete diffusion bonding of titanium and 18Cr-8Ni stainless steel. Al 2 Fe, AlTi, and Al 3 Ti were observed at the interface, and the maximum tensile strength was up to 266 MPa for the joint sample processed at 650°C for 90 min. Muralimohan et al. [59] joined cylindrical pure Ti to 304 stainless steel by friction welding with nickel as the interlayer, and NiTi, Ni 3 Ti, NiTi 2 , and Ni 2 Ti intermetallic compounds were demonstrated at the joints instead of brittle TiFe intermetallic compounds. Chu et al. [38] welded a flyer Ti plate towards a mild steel plate by explosive welding. It was found that extremely rapid temperature increase and high cooling rates attributed to the deformation, recovery, and recrystallization of the joint, and Fe 2 Ti and FeTi phases were formed at the interface. Among these welding methods, diffusion bonding is restricted less by the shape of samples and minimal effect of temperature gradient, with the option to supply a vacuum atmosphere easily that solves the problem of the reactive nature of titanium alloys with oxygen, nitrogen, and hydrogen in air.
Diffusion bonding is a near net shape joining process, in which a way the contact surfaces achieve porosity closure via creep and atom diffusion under certain temperature and pressure [32] [33] [34] [35] [36] [60] [61] [62] . Research has been conducted to investigate the influence of bonding temperature, bonding time, and loaded pressure on the manufacture of titanium/steel bimetallic structures [33, 34] . When an interlayer is introduced into the diffusion bonding of titanium/steel structure, the mechanical properties of the joints can be improved significantly. However, how to understand the mechanism of different interlayers on the joining of titanium/steel still needs further clarification.
erefore, in this text, the diffusion bonding between titanium alloy and stainless steel without and with interlayer will be reviewed. e influences of different interlayers on the microstructures and mechanical properties of the joints will be summarized and compared. In addition, regularity of the joint bonded by diffusion bonding is reviewed, and the development trend of dissimilar joins between titanium alloys and stainless steels by diffusion bonding is forecasted.
Diffusion-Bonded Joints without Interlayer

Microstructure of Interface.
In order to restrain the formation of intermetallics at the interface, low-temperature diffusion bonding between titanium alloy and stainless steel was carried out. Velmurugan et al. [60] conducted diffusion bonding of Ti-6Al-4V and duplex stainless steel in a lower temperature of 650°C to 800°C for 30 min. At the interface, α-Fe + λ (solid solution of Fe 2 Ti + Cr 2 Ti), λ + FeTi, and β-Ti were formed; and at a higher bonding temperature, the width of these reaction phases increased. When the bonding temperature reached up to 750°C, the maximum shear strength value of 194.3 MPa was obtained. Ghosh and Chatterjee [61] studied joints bonded by pure titanium and austenitic stainless steel at a temperature range of 850-950°C for 60 min, mainly with σ, Fe 2 Ti, FeTi, and Fe 2 Ti 4 O phases residing at the interface. A typical morphology of the interface is shown in Figure 1 , which includes three areas, namely, a black zone with intermetallics, bright β-Ti layer, and acicular α-β Ti layer.
Vigraman et al. [62] used EDAX (energy dispersive X-ray analysis) and XRD (X-ray diffraction) to identify the compounds presented at the joints of diffusion-bonded Ti-6Al-4V and AISI 304L, and apart from the presence of Fe 2 phases were also confirmed at the interface due to the aggregation of V, Mn, Si, and Al. e formation of these phases at the interface resulted in the absence of related elements at the grain boundaries, and thus grain growth took place. Miriyev et al. [63] inserted Ti as the interlayer to bond steel and aluminum. At the interface of Ti steel, ferritic structure presents at the titanium carbide layer, which indicates local decarburization. Figure 2 illustrates the concentration profiles from EPMA (electron probe microanalyzer) analysis of elements [61] con rmed that di usion distance of Ti in stainless steel side was minimal, while Fe, Cr, and Ni atoms possessed comparatively larger di usional distances in the Ti side. Ti is a fast di using specie, and fast di usion of Ti creates a large number of vacancies in its matrix and thus promotes long di usional distances of Fe, Cr, and Ni on the Ti side. Mukherjee et al. [34] employed shrinkage-stress formed at the cooling process to minimize the content of intermetallic compounds at the interface of Ti grade 2 and AISI 321 stainless steel. Width of di usion was shortened, and the formation of FeTi at the interface was reduced. Meanwhile, the Fe 2 Ti phase was eliminated. Kundu et al. [64] examined that when the bonding temperature was 900°C for 45 min, joints fractured at the λ + FeTi phase, with the existence of the cleavage pattern indicating brittle nature. When processed at and above 950°C, failure of bonded joints happened through the σ phase. Fracture morphology of the bonded joints at di erent temperatures is shown in Figure 3 . Matching surface closure by di usion of atoms and reaction products promotes the joining of bimetallic structures, as presented in Figure 3 (a). Properties of joints are dominated by interfacial porosity. In Figures 3(b)-3(c), brittle intermetallic compounds are growing and the width of them governs the strength of joints. After this, due to the Kirkendall e ect, voids are formed near the interface region, which further diminishes the mechanical property, as illustrated in Figure 3 (d) [60] [61] [62] [63] [64] . It can be concluded that the strength of bonded joints are controlled by interfacial porosity and brittle intermetallic compounds.
In conclusion, the microstructure of di usion-bonded joints of titanium alloy and stainless steel without the interlayer is mainly determined by three factors: bonding temperature, bonding time, and composition of raw materials. Lower bonding temperature can restrain the content of brittle intermetallics, such as FeTi, Fe 2 Ti, λ, and σ, at the interface, but the strength of the joints is limited. For di usion bonding of titanium alloy and stainless steel without the interlayer, the optimized temperature is in the range of 800-950°C for a period of 60-120 min. When applying higher bonding temperature, based on Fick's second law, shorter bonding time favors achieving higher strength and vice versa. e composition of titanium alloy and stainless steel also has an obvious in uence on the kinds of intermetallics formed at the joints. e aggregation of V and Al from titanium alloy and C, Mn, and Si from stainless steel during di usion bonding can give rise to the formation of TiC, Fe 2 V 3 , Mn 2 Ti, Fe 3 Al 2 Si 4 , and Al 6 Ti 19 at the intermetallic layer. e process of di usion boding without the interlayer can be summarized as follows: the rst stage is the matching surface closure by di usion of atoms at certain temperature, and reaction products formed promote the joining of bimetallic structures. e second stage is the formation of brittle intermetallic compounds, and the width of them governs the strength of joints. Due to the Kirkendall e ect, the third stage is the formation of voids near the interface region, which further diminishes the mechanical property.
Growth Kinetics of Interfacial Phases. Ferrante and
Pigoretti [33] researched the in uence of di usion bonding temperature and bonding time on interfacial microstructure and mechanical strength of titanium alloy (Ti-6A1-4V) to AISI 316L stainless steel. e results showed that the growth of interfacial intermetallic compounds obeyed the quadratic law and width of the β-Ti layer was di usion controlled. e growth of the di usion layer can be assumed to follow a parabolic law. Growth of the interlayer thickness can be denoted by the following relations [60, 64] :
where x is the thickness of the reaction layer (m), t is the bonding time (s), T is the bonding temperature (K), k is the growth velocity of the reacting layer (m 2 /s), k 0 is the growth constant (m 2 /s), Q is the activation energy for the layer growth (kJ/mol), and R is the real gas constant (8.314 J/K mol).
According to the experiment results (the relationship between the thickness of the reaction layer and bonding temperature), some reaction layers' growth kinetics are listed in Table 1 . It can be found that calculated activation energies of α-Fe + λ and β-Ti are divergent in the literatures. e reason for this phenomenon is that the detection of the thickness of the reaction layer is different from each other, and elevated rate and cooling rate of furnace also have influence on the calculated results. Miriyev et al. [65] investigated growth kinetics of the TiC interfacial layer formed in the diffusion bonding of low-alloy carbon steel (0.3 wt.% C) and Ti alloy, which was dominated by diffusion of carbon atoms from steel side to titanium alloy side through the TiC phase. When the thickness of the TiC layer is less than 1 μm, the carbon diffusion in austenite is at a rate-determining step. Growth kinetics of interface layers can be utilized to control the width and microstructure of the interfacial reaction layer which is benefit for the improvement of mechanical property of bonded joints. However, optimizing the accuracy of activation energy needs further investigation.
At present, growth kinetics of interfacial phases are calculated by the simplified model. Namely, diffusion in single-phase solid solution where no interphase exists. However, in fact, many new phases are formed at the interface between titanium alloy and stainless steel during diffusion bonding. is means that the process is reaction diffusion. Diffusion coefficients and activation energy confirmed from the simplified model are inaccurate for predicting the microstructures of the joints. According to kinetic analysis, the growth velocity of the reacting layer can be obtained from the experimental results, while the change of the microstructure at the interface is unknown. erefore, moving speed of phase interface and the order for a new phase that appears also need to be further investigated. 
Diffusion Bonded Joints with Interlayer
Apart from optimizing the parameters for diffusion bonding between dissimilar materials, the interlayer is often employed to control the microstructure of joints, especially declining the content of brittle phases at the interface. Simoes et al. [66] adopted Ni/Al nanolayers as an interlayer to join TiAl and AISI 310 stainless steel. Ti 3 Al, FeAl, FeAl 2 , and σ phases disappeared, and the values of shear strength of joint rose fourfold compared to the joints made without the interlayer. He et al. [67] conducted the composite barrier layer of Ti/V/Cu as the interlayer to join TiAl and steel. e interface was composed of Ti 3 Al + TiAl and Ti solid solutions at TiAl side, and a sound joint was obtained. Only solid solution was formed at the Mo-Ni and Ni-Cu interfaces when a Ni interlayer was included to diffusion bond Mo/Cu joints [68] . Applying Ag-Cu-Ti filler to join WC-Co and Ti-6Al-4V, wettability of the interfaces could be improved [69] .
Selection of the interlayer is based on two points which are relevant to overcome the restrictions of achieving highquality joints. On the one hand, the interlayer is benefit for changing the microstructure of interface into less brittle phases. On the other hand, the expansion coefficient of the interlayer is between titanium alloy and stainless steel, and the interlayer is with good plasticity for releasing welding stress at the joints. When bonding titanium alloy and stainless steel, Cu, Ni, Ag, V, and Nb are often composed as the interlayer to restrain diffusion of Fe atom into titanium alloy side and reduce or remove the formation of FeTi and Fe-Cr-Ti phases. Figure 4 shows the backscattered electron image of titanium alloy and stainless steel joined at 900°C for 60 min with Cu as the interlayer. It can be seen that a few of λ, χ, and FeTi phases formed at stainless steel-Cu side, and the interface is dominated by Cu 3 Ti 2 + Cu 4 Ti + Ti-Cu-Fe phases. Due to the effect of Cu, a kind of the β-Ti stabling phase, α-β Ti is presented at Ti side. A maximum tensile strength of ∼322 MPa with a ductility of ∼8.5% has been obtained [35] .
Cu Interlayer.
According to the CuTi phase diagram, from 890 to 960°C, two eutectic transformations exist, which makes it possible to introduce a small amount of the liquid phase at the CuTi joints when a suitable bonding temperature is selected. Based on this principle, the transient liquid-phase (TLP) bonding is conducted to join titanium alloy and stainless steel. To perform TLP bonding, the Cu interlayer is placed between titanium alloy and stainless steel, and the components are heated at setting temperature which is usually near the temperature of eutectic transformation [36, 70] . Norouzi et al. [71] investigated the influence of bonding temperature (870−960°C) on the transient liquid-phase bonded joints of Ti-6Al-4V to AISI 304 austenitic stainless steel. When bonding temperature reached up to 960°C, eutectic and intermetallic zones were completely eliminated on account of more solid-state diffusion of Cu into Ti-6Al-4V which demonstrated that complete isothermal solidification was achieved. Fracture morphology of joints fabricated at 960°C revealed a brittle-ductile fracture mode. Figure 5 shows the SEM (scanning electron microscopy) images and EBSD (electron backscattered diffraction) analysis of joint bonded at 900°C for 40 min. It is illustrated that a number of compounds, such as Ti 2 Cu, TiCu, FeTi, and Fe 2 Ti, were formed at the joints. Ti 2 Cu with α-Ti was produced by eutectoid reaction β-Ti ↔ α-Ti + Ti 2 Cu. e content of the TiFe phase is less than that of the CuTi phase, which is due to the fact that the diffusion rate of Ti in Cu is higher than that of Fe in Cu, thus declining the brittleness of joints [72] . Norouzi et al. [73] also studied the effect of bonding time on the property of the transient liquid-phase bonded joints with copper as the interlayer. e time required for complete isothermal solidification can be calculated by [71, 74] 
where W max is the maximum liquid width proportional to the initial interlayer thickness, K is a constant, and D is the solute diffusivity in the base metal. As the bonding time increases to 60 min, the amount of the intermetallic compound was decreased and only single-phase solid solution β-Ti existed at the interface, which gives rise to a maximum shear strength of 374 MPa [73] . Zakipour et al. [75, 76] investigated the influence of Cu interlayer's thickness on diffusion bonding behavior of stainless steel 316/Ti-6Al-4V system. Ti 2 Cu, TiCu, Cr 2 Ti, Fe 2 Ti, Cu 0.8 Fe 0.2 Ti, Fe 4 Cu 3 , and TiCu 2 were identified at the interface. With the increase of Cu interlayer thickness, the shear strength value that decreased gradually attributed to distribution of more brittle intermetallic compounds at the joint. e maximum shear strength of 220 MPa was obtained for the joint bonded at 900°C with 50 μm thick interlayer.
Ni Interlayer.
Yıldız et al. [77] used nickel as the interlayer to bond titanium and ferritic stainless steel, and due to the diffusion of atoms, different intercomposites occurred in titanium-nickel and ferritic stainless steel-nickel side. At titanium-nickel side, NiTi and FeTi phases were formed, while Ni-Cr and Fe-Ni phases were formed at ferritic stainless steelnickel side. In terms of intermetallic formation in the joint, the maximum tensile strength is only 214 MPa. Szwed and Konieczny [78] performed diffusion brazing to join titanium and stainless steel using a nickel foil as a transit layer. Eutectoid mixture α-Ti + Ti 2 Ni and layers of intermetallic phases Ti 2 Ni, TiNi, and TiNi 3 composed titanium side. When the bonding temperature was lower than 850°C, no reaction layer appeared at stainless steel-nickel side.
Sam et al. [79] used 150 μm thick nickel alloy (NiA, Ni 78.76 wt.%, Fe 15.6 wt.%, Mo 4.9 wt.%, and Al 0.74 wt.%) as the interlayer to accomplish diffusion bonding of titanium alloy and microduplex stainless steel (MDSS). Microstructure of joints bonded at 900°C for 45 min is shown in Figure 6 . It can be seen that at MDSS-NiA side (Figure 6(a) ), no intermetallic phases are formed. From the enlarged picture in Figure 6 (b), Ni 3 Ti, NiTi, and NiTi 2 phases are presented at layer A to C, respectively. ese phases possess relatively lower hardness of ∼662 HV than that of FeTi phases (∼950 HV). Maximum tensile strength reaches up to ∼560 MPa. Kundu et al. [80] experimented a kind of nickel alloy (Ni 74.7 wt.%, Fe 8.6 wt.%, and Cr 16.7 wt.%) as the interlayer. When the bonding time was beyond 30 min and bonding temperature was higher than 900°C, σ, χ and λ + Fe 2 Ti phases were appeared at stainless steel-NiA side, which was detrimental to the quality of the joints.
Impulse diffusion bonding is a technology developed by the Ukraine Barton Welding Institute firstly. According to material contact strength theory and the relationship between loading rate and the diffusion ability of materials, diffusion bonding is established to join materials with the interlayer by a changing pressure [81] . Impulsive loading is propitious to restrict and break the oxide film and brittle phases at the 
Ag Interlayer.
Deng et al. [83] used Ag as the interlayer to achieve diffusion bonding of titanium to 304 stainless steel and investigated the influence of temperature on the strength of joints. e results showed that TiAg compound was formed at TiAg interface whose hardness was 96 HV, which can accomplish a plastic transition. When exposed to tensile strength, a bonding strength of ∼400 MPa could be obtained at 825-875°C for 20 min, and the joints were ductile in nature. BSE image and corresponding line scanning of the joint bonded at 850°C for 20 min are presented in Figure 7 , and it can be concluded that the joints were composed of stainless steel (SS)/Ag/TiAg/Ti solid solute (s.s)/Ti. Balasubramanian [84] applied the Box-Behnken design for titanium-steel joints with the silver interlayer by diffusion bonding and investigated the sensitivity of joints' properties to bonding temperatures, holding times, and bonding load. e results confirmed the function of the Ag interlayer to prevent the diffusion between Ti and Fe or C. Sensitivity analysis showed that the responses were not sensitive to any small changes in bonding temperatures, holding times, and bonding load, which is in agreement with the results of the former literature [83] . e formation of TiAg attributed to the increase of bonding strength, and adequate ductility of 18% could be obtained. Comparatively, the Ag interlayer is the only single interlayer that eliminates the brittle phase at the interface among Cu, Ni or nickel alloy, and Ag. e formation of TiAg phase between Ag and titanium alloy is benefit for the joining between them. Optimized strength of the joint can reach up to 400 MPa when bonding at 825-875°C for 20 min with the thickness of 50 μm and fracture nature of the joint is ductile. It can be concluded that the Cu interlayer can decline the content of FeTi and Fe-Cr-Ti phases at the interface dramatically by forming TiCu phases. At the same time, lower hardness of the joint is obtained and the brittleness of the joint is decreased. According to the CuTi phase diagram, a small amount of the liquid phase at the CuTi joints can be introduced by bonding at 890 to 960°C. e liquid phase can shrink the time used for diffusion bonding significantly, which favors improving the efficiency of bonding process.
e usage of the nickel alloy interlayer for diffusion bonding between titanium alloy and stainless steel achieved the highest tensile strength of ∼560 MPa. Ni 3 Ti, NiTi, and NiTi 2 phases formed sequentially at nickel alloy and titanium alloy side with a holding time of 45 min at 900°C.
3.4.
Multi-Interlayer. It should be noticed that the single interlayers mentioned above can still form intermetallic compounds with one of the parent metals, which makes it difficult to achieve high-quality joints, especially the usage of Cu and Ni that makes the brittle phase to exist at the joints. Insertion of a multi-interlayer has been considered as a potential approach to prevent or reduce the formation of undesired intermetallic compounds in joints.
Kundu et al. [85] used Ni and Cu as composite intermediate metals to join duplex stainless steel and Ti-6Al-4V. At Cu and Ti alloy interface, Cu 4 Ti, Cu 2 Ti, Cu 4 Ti 3 , CuTi, and CuTi 2 phases were formed. At the stainless steel side and Ni-Cu interface, no intermetallic phases were observed. Fracture took place at Cu 4 Ti intermetallic, Ni 3 Ti, and σ phases with bonding temperature increasing, and a maximum shear strength of 377.4 MPa can be obtained. Lee et al. [86] considered vanadium as an interlayer for dissimilar bonding of titanium to stainless steel at 900°C for 10 min. Ti-V solid solution was formed at Ti side, and Ti 2 Ni, (Ti,Zr) 2 Ni, and brittle σ phases were easily segregated in the vicinity of the V layer because of an incomplete isothermal solidification. When using Cr-V multi-interlayer, the thickness of the brittle σ phase was suppressed. To eliminate such brittle σ phases, the Ni-Cr-V interlayer was utilized, which produced a no brittle intermetallic joints comprising Ti/α + β Ti/β Ti/V/Cr/Ni/stainless steel. e Ni-Cr-V interlayer made the bonding strengths of the joints to exceed the strength of the base metal of Ti. Li et al. [87] conducted diffusion bonding of titanium to austenitic stainless steel using Nb/Cu/Ni structure as the multi-interlayer. e aggregation of Ni atoms promoted a solution of Cu into Nb, but the brittle Nb-Ni phase tended to form at the interface when using long bonding times or high bonding temperature. Bonding strength around 300 MPa could be obtained with a ductile dominated fracture surface which contained some terraces and pits. Figure 8 shows EPMA line scanning analysis of elements Ti, Fe, Cu, Ni, Cr, and Nb along with a BSE image of a region at Ti-6Al-4V and 316L joint interface bonded at 900°C with Cu/Nb multi-interlayer. It is obvious that Cu/Nb multiinterlayer prevents the formation of TiFe brittle phases at the interface effectively and no intermetallic compounds are presented at TiA side. At TiA-Nb side, Ti-Nb solid solution (α-β Ti) was formed. Owing to the low diffusivity and solubility between Nb and Cu, the diffusion layer between Nb and Cu is not apparent. Figure 9 represents distribution of elements Ti, Nb, Cu, Ni, Cr, and Fe along with a BSE image of a region at Ti-6Al-4V and 316L joint interface bonded at 950°C. At the adjacent of TiA side, dendritic area is indicated in Figure 9 (a). Based on the element distribution in Figures 9(b)-9(f), it is deduced to be Ti 2 Cu + α-β Ti phase that is formed by the eutectoid reaction (β-Ti↔Ti 2 Cu + α-Ti) at the temperature of 790°C [88] . Cu and Nb are β-stabilizing element to titanium alloy, which results in high-temperature β phase to retain at room temperature. Island area A is mainly composed of Ti (52.50 at.%), and Cu (29.24 at.%) and possible phases of area A are Ti 2 Cu dissolved with little Fe and Nb atoms. Comparatively, the area B surrounding the island area A contents more Cu. According to the EDS result and phase diagram [89] , area B is presumably the phase of Ti-Cu dissolved with little Fe atom. Area C is near the stainless steel, and Fe, Ni, Cr, and little Ti are aggregated at this area which is possible to be the brittle FeCr-Ti phase that is the most vulnerable part of the joint [90] . Close to remnant Nb side is mainly comprised of Nb solid solution. Due to the formation of these phases, the strength of joints bonded at 950°C is dramatically declined compared to that bonded at 900°C.
Generally, the selection of multi-interlayer was also based on two principles: no brittle intermetallic phases are formed at the interface of multi-interlayer and parent metals. Physical properties of the multi-interlayer should be good for the transition between titanium alloy and stainless steel, such as good plasticity for releasing thermal stress and thermal expansion coefficient between that of parent metal. Compared with Cu/Ni multi-interlayer, application of Ni/Cr/V, Nb/Cu/Ni, and Cu/Nb multi-interlayer well prevents the formation of intermetallic phases, and the strength of the joints is improved. However, controlling of the parameters, such as bonding temperature and bonding time, has a great effect on the microstructure and strength of the joints welded with multi-interlayer. Bonding temperature is usually restricted at 800-950°C for the bonding with the interlayer, and if Cu is used as the interlayer, the eutectic liquid phase should be avoided by adjusting the bonding temperature. Due to the formation of solid solution at the interface, the parabolic diffusion law can be employed to predict the suitable parameters for diffusion bonding. 
Mechanism of Diffusion-Bonded Joints
e process of di usion boding without the interlayer can be summarized as follow: the rst stage is the matching surface closure by di usion of atoms at certain temperature and reaction products formed promote the joining of bimetallic structures. e second stage is the formation of brittle intermetallic compounds, and the width of them governs the strength of joints. Due to the Kirkendall e ect, the third stage is the formation of voids near the interface region, which further diminishes the mechanical property. Figure 10 presents the formation process of titanium alloy and stainless steel diffusion-bonded joint using Cu/Nb multi-interlayer. When the interlayer is inserted between titanium alloy and stainless steel, the first stage is the same as that of the joint bonded without the interlayer, as shown in Figures 10(a)-10(b) . Pores are gradually closed by diffusion of atoms and growth of grains, and then diffusion layers are formed at the interfaces. e second stage is that the thickness of α-β Ti and diffusion layers increases with the expansion of bonding time, which promotes the joining of each interface, as shown in Figure 10 (c). At the third stage, due to the aggregation of Ti atoms at Nb-Cu interface, the eutectic liquid phase can be introduced into this area that results in the diffusion and dissolution of Nb foil which undermines barrier effect of the Nb layer and further contributes to the formation of intermetallic compounds at the interface and TiA side, as shown in Figures 10(d)-10(e) .
When using Ag as the interlayer [83] , brittle intermetallic phases were diminished at the interface. TiAg and Ti-based solid solution formed at the second stage strengthened the joint. Lee et al. [86] considered Ni-Cr-V as the multiinterlayer which produced a no brittle intermetallic joints comprising Ti/α + β Ti/β Ti/V/Cr/Ni/stainless steel. Li et al. [87] conducted diffusion bonding of titanium to austenitic stainless steel using Nb/Cu/Ni structure as multi-interlayer, optimized joint can be obtained at the second stage by the formation of the α-β Ti phase at Ti-Nb interface. In conclusion, the presence of the transitional phases, such as TiAg and α-β Ti at the second stage, prevents the formation of brittle intermetallic compounds and achieves ductile transition at the interface. e parameters should be controlled according to kinetics of reaction di usion so as to avoid the formation of brittle intermetallic compounds at the third stage.
Conclusion
is paper reviews recent e orts to study di usion bonding between titanium alloy and stainless steel with and without interlayer. e microstructure of joints without interlayer and the growth kinetics of interfacial phases are compared. Optimized temperature for di usion bonding of titanium alloy and stainless steel without the interlayer is in the range of 800-950°C for a time period of 60-120 min. e sound joint can be obtained, but brittle FeTi and Fe-Cr-Ti phases formed at the interface. e development of joint mainly includes three steps: matching surface closure, growth of brittle intermetallic compounds, and formation of the Kirkendall voids. Growth kinetics of interfacial phases still needs further investigation in terms of growth velocity of the reacting layer, moving speed of phase interface, and the order for a new phase appears. e in uence of Cu, Ni or nickel alloy, and Ag interlayers on the microstructures and mechanical properties of the joints is systematically summarized. e content of FeTi and Fe-Cr-Ti phases at the interface can be declined signi cantly. By employing transient liquid-phase bonding and impulse di usion bonding, bonding e ciency is advanced dramatically, while there is no signi cant e ect on the mechanical properties of the joint. Application of multiinterlayer well prevents the formation of intermetallic phases by forming solid solution at the interface, and the strength of the joints is improved. e parameters can be predicted by using the parabolic di usion law. e selection of multiinterlayer was based on two principles: no formation of brittle intermetallic phases and transitional physical properties between titanium alloy and stainless steel.
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